The globally-observed relationship between oceanic barium and the macronutrient silicic acid results from the shared influence of large-scale ocean circulation and mixing on the two elements, and the inherent link between barium and organic matter formation and dissolution. A detailed examination of deviations from barium-silicon correlations can reveal variations in non-conservative processes within the marine barium cycle. Here, we present a high-resolution dataset of dissolved barium and macronutrients from the Drake Passage and the Scotia and Weddell Seas. Our new results highlight the influence of Southern Ocean frontal zones on barium cycling and the deviations of barium and macronutrient distributions as a result of spatial variations in phytoplankton assemblages and in barite formation processes. These new data also reinforce findings that water mass mixing and ocean circulation, in particular the location of oxygen minima, play a key role in barium distribution. Our findings have implications for the use of sedimentary barium as a proxy for export production, which may be complicated by physical water circulation changes or shifts in plankton community structure.
Introduction
The oceanic barium cycle has inherent links with biological activity and carbon cycling.
There is a strong positive correlation between dissolved barium (Ba d ) and silicic acid throughout the global ocean, and a similar trend between Ba d and alkalinity (e.g. Hoppema et al., 2010; Jacquet et al., 2005; Jacquet et al., 2007; Jacquet et al., 2008; Jeandel et al., 1996; Jullion et al., 2017; Thomas et al., 2011) , likely a result of relatively deep release of Ba during particulate organic matter remineralization, coupled with large scale ocean circulation (Bates et al., 2017; Horner et al., 2015; Jeandel et al., 1996; Lea, 1993) . Water column, sediment trap, and core top studies have also revealed a relationship between excess barium in the particulate phase ( total barium corrected for lithogenic input, Ba xs ) and particulate organic carbon (POC) . Despite the lack of a known biological requirement for Ba, high concentrations of Ba are found in phytoplankton of many taxa (Fisher et al., 1991) , and barite precipitation in the water column is thought to be biologically mediated (Bishop, 1988; Collier and Edmond, 1984; Dehairs et al., 1980; Dymond et al., 1992) . In microenvironments formed by phytoplankton cell walls and shell material, Ba binds with transparent exopolymer particles (TEP) , cell wall associated polysaccharides or bacterial biofilm extracellular polymeric substances (EPS) (Martinez-Ruiz et al., 2018) , before reacting with sulphate derived largely from seawater, to form barite (e.g. Ganeshram et al., 2003 and references therein) . This organic aggregate model of barite precipitation in supersaturated microenvironments associated with decaying organic matter accounts for the distributions of barite microcrystals in mesopelagic waters (Dehairs et al., 2008; Sternberg et al., 2005) , and its correlation with organic carbon in underlying sediments Dymond et al., 1992) . However, there are still unanswered questions concerning the initial associations of barium with POC in surface waters, the importance of basin-scale correlations between Ba d and silicic acid in comparison to relationships to other macronutrients, and the mechanisms of initial Ba uptake into euphotic zone organic matter.
The Southern Ocean is of particular interest in developing our understanding of the oceanic barium biogeochemical cycle, as a climatically-important region with a large role in ocean carbon storage (Marinov et al., 2008) . The potential applications of marine barite and biogenic calcite Ba/Ca as palaeo-proxies for export production and deep water circulation respectively in this region (Jacquet et al., 2007; Jacquet et al., 2008; Lea and Boyle, 1989; Nurnberg et al., 1997) make it crucial that the controls on the barium cycle in these waters are better understood. The heterogeneity of the Southern Ocean, exemplified by the biogeographical zonation caused by the convoluted and meandering circumpolar frontal zones, also offers an opportunity to investigate the various potential effects of different ecological
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4 communities on barium distributions, and the interactions of large and small scale water-mass mixing. In the Scotia Sea, the compression of the frontal zones by the physical restrictions of the Drake Passage, and the influence of the North and South Scotia Ridges on the movement of water masses and biological activity, makes this an ideal region in which to examine the barium biogeochemical cycle. Here, we investigate the variability in the Ba d distribution and its relationship to biological activity across the biogeochemical divide of the Polar Frontal Zone, and use these data to inform interpretations of the widely observed correlation observed between Ba d and silicic acid. Our results reveal that site-specific deviations from a regional Ba d /Si(OH) 4 regression can be used to trace distinct water masses, and potentially to assess the degree of barite precipitation and dissolution occurring in different regions.
Methods and materials

Oceanographic Setting
The circulation of the Scotia Sea is dominated by the Antarctic Circumpolar Current (ACC), a wind-driven current that flows eastwards around the Antarctic continent, transporting approximately 130-140 Sv (Cunningham et al., 2003) . The transport enabled by the ACC is dominated by several frontal jets identified by large horizontal gradients in oceanic properties, namely (north to south) the Subantarctic Front, the Polar Front, the Southern ACC Front and the Southern Boundary (Orsi et al., 1995) (Fig. 1 ). Whilst these fronts are consistently observed in the narrow constriction of the Drake Passage, at other longitudes there is more complexity, with sub-branches and re-circulations of the fronts observed (Graham et al., 2012; Kim and Orsi, 2014) . In the Drake Passage and Scotia Sea these fronts partition the ocean into three major zones ( Fig. 1) : the Subantarctic Zone (SAZ), the Polar Front Zone (PFZ) and Antarctic Zone (AAZ) divided by the Subantarctic and Polar Fronts, as well as the Antarctic Continental Zone south of the Southern Boundary (Orsi et al., 1995; Pollard et al., 2002) .
This physical zonation of the Scotia Sea and its control on the distribution of macronutrients creates a biogeochemical zonation, reflected in spatial variations in phytoplankton biomass and community structure (e.g. Holm-Hansen et al., 2004; Whitehouse et al., 2012) . The poleward shoaling of density surfaces, which supports the horizontal geostrophic flow of the ACC, also brings nutrient-rich waters closer to the surface, producing positive gradients in seawater nitrate, phosphate, and silicic acid concentrations from north to south. In A C C E P T E D M A N U S C R I P T 5 addition to this, seawater silicic acid concentrations increase southwards along density surfaces, most likely due to diapycnal mixing with deeper waters that are enriched in Si by deep remineralisation of biogenic silica (Ridgwell et al., 2002) .
Around the Southern Ocean as a whole, deeper (1000 to 2000 m) waters moving southwards across the ACC are balanced by an equatorward flow of 1) newly-formed dense deep and bottom waters from the Weddell Sea (Sloyan and Rintoul, 2001) , and 2) lower density (Garabato et al., 2002) .
In the location of the Weddell Gyre, the cold, Weddell Sea Bottom Water (WSBW) mixes upwards with warmer CDW to form Weddell Sea Deep Water (WSDW), added to by lateral advection of recently-ventilated waters from outside the Weddell Sea (Meredith et al., 2000; Ohshima et al., 2013) . WSDW also forms directly from the descent and mixing of shelf waters in the Weddell Sea. WSDW is then able to exit into the Scotia Sea through deep gaps in the South Scotia Ridge, as well as flowing around the South Sandwich Islands and into the Atlantic through the Georgia Basin. This outflow represents the densest contribution to the equatorward -flowing Antarctic Bottom Waters (AABW) (Meredith et al. 2000) .
Sampling and analytical methods
Samples were collected during the RRS James Clark Ross cruise JR299 in the austral autumn (March to April) 2014 and from an additional transect (JR273b) along the North Scotia Ridge (Fig. 1) . Unfiltered seawater samples were collected in acid-cleaned low-density polyethylene bottles for dissolved barium, silicic acid, and nitrate and phosphate analysis using standard Niskin bottles deployed on a CTD (Conductivity-Temperature-Depth) rosette. Samples for nutrient analysis were frozen at -20°C (or at 4°C for the silicic acid samples). Samples for Ba analysis were acidified (0.1% v/v Romil UpA hydrochloric acid) and stored in cool and dark conditions.
Standard Niskin bottles are not expected to cause contamination for Ba. Additional blank samples of 18MΩ.cm Milli-Q water were processed on board under the same conditions as
samples for testing purposes: the blanks were exposed to the air of the ship for the same length of time, handled similarly around the CTD rosette and in the laboratory, acidified, and stored under the same conditions. The blanks were diluted with 3% HNO 3 (Romil UpA) and measured Further details of nutrient analyses are given in the Supplementary Information.
Temperature, salinity and oxygen concentrations
Temperature, salinity, and oxygen concentrations were recorded for each CTD cast using a SBE911Plus unit with dual SBE3Plus temperature and SBE4 conductivity sensors and a Paroscientific pressure sensor, and an SBE43 oxygen sensor, and used to characterise the water masses present and identify the positions of the frontal zones (Supplementary Information).
Conductivity measurements were processed and converted to salinity, and calibrated by the regular collection of discrete seawater samples from CTD casts, analysed for salinity on board using a Guildline Autosal 8400B salinometer. Discrete samples were also collected at five
CTD stations for on board measurement of dissolved oxygen concentrations via Winkler titration, which was used to calibrate the CTD oxygen probes. elements, only correlation and deviation from that correlation. Note also that the uncertainty in the residual value will be location-specific, largely determined by the number of samples in each station profile.
Quantifying deviation from Ba d /Si(OH) 4 trends
Ba d Si residual = Ba d Measured -(m x Si(OH) 4 Measured + c)(1)
Data and results
The full range of Ba concentrations in this study varied between 42 nmol/kg and 100 nmol/kg ( .01) suggests that Ba d concentrations could be significantly related to processes also linked to potential temperature, salinity, and silicic acid concentrations (Table 2) . Separating the dataset into regions reveals more nuanced information about the role of frontal zones and water masses in the biogeochemical cycling of dissolved barium. 
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10 to zero through the oxygen minimum zone until they begin to increase again at ~2000m in the transition to UCDW, then decrease from 3000m to negative values again in the deepest water. corresponds to the oxygen minimum zone, denoting both a transition into the UCDW and the depth range of maximum NOx and PO4 remineralisation (Fig. 4) . A transition to a sub-surface maximum deeper in the water column but within the UCDW water mass occurs in all profiles, with the depth of that maximum increasing northwards (800 m in the south to 2200 m in the north; Fig. 4e-h ).
The Antarctic Zone (AAZ)
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Stations to the west of the Polar Front, as its path curves north through Shag Rocks (Fig. 3) .
Antarctic continental shelf waters
A C C E P T E D M A N U S C R I P T Fig. 5a-d) .
The Weddell Sea
Stations 44 A certain degree of surface drawdown of Ba d is consistent with uptake of barium by phytoplankton into an intracellular pool, consistent with observations of labile Ba associated with spring phytoplankton blooms (Ganeshram et al., 2003; Paytan and Griffith, 2007) and the observation of high cellular Ba concentrations (Fisher et al., 1991) . However, the lack of a consistent stoichiometric relationship to macronutrients suggests either a highly variable uptake into organic matter, depending for example on plankton community structure, or differing degrees and rates of remineralisation between Ba d and macronutrients. These differences are again evident in the depth profiles of Ba d compared to NOx and PO 4 , which show relatively shallow remineralisation as particulate organic matter is broken down by microbes or zooplankton in the oxygen minimum zone and NOx and PO 4 are remineralised. In contrast, Ba d concentrations, although increasing with depth, generally do so at a slower rate over a much
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13 larger depth range, implying regeneration in parallel with the slower dissolution of phytoplankton biominerals.
The positive linear correlation between Ba d and silicic acid, and variations between ocean basins
The positive linear relationship observed between Ba d and silicic acid throughout the global ocean (Fig. 6) Southern Ocean has been shown by numerous studies (Jeandel et al. 1996; Jacquet et al. 2007; Hoppema et al. 2010 ; data presented here for the Scotia Sea) to exhibit lower slopes and higher intercepts than are observed in other regions ( Fig. 6 ; Table 3 ).
Investigations in the Southern Ocean have suggested that, although barite does form in non-diatom-dominated regions, its precipitation is favoured where these siliceous organisms make up a significant fraction of the material exported from the surface layer (Bishop, 1988) .
This observation may be explained if enhanced TEP or polysaccharide availability, from the remains of diatom frustules, provide a more suitable microenvironment for barite precipitation than the remains of other phytoplankton (Martinez-Ruiz et al., 2018) ; if the enhanced ballasting effect of diatom frustules increases settling rates and reduces Ba recycling in surface waters; or, indeed, because diatom abundance and barite precipitation are coincidentally linked via a third mechanism e.g. physical water column conditions that favour diatom growth also favour barite precipitation. However, the role of non-siliceous organic matter in the removal of Ba d from the surface has been observed in the field (Pyle et al., 2017) and confirmed by laboratory production of barite from axenic coccolithophorid cultures, without the presence of opal or fecal pellet packaging (Ganeshram et al., 2003) . A combination of the possible explanations presented above may explain why the presence of diatoms tends to be associated with enhanced Ba d drawdown (e.g. Esser and Volpe, 2002) : barium and sulphate may be associated equally with all phytoplankton or their decayed products, but will sink more rapidly when associated with diatom frustules due to the ballasting of larger or more heavily silicified cells (Tréguer et al., 2018) . As this organic matter is exported to the reported depths of barite formation (200 to ACCEPTED MANUSCRIPT
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14 2000 m) (Bates et al., 2017; Dehairs et al., 2008; Horner et al., 2015; Van Beek et al., 2007) , it may tend to form aggregates containing microenvironments that are more susceptible to barite precipitation than organic matter originating from other phytoplankton groups. At greater depths, or at the sediment surface, both barite and opal dissolve, allowing vertical mixing to define the Ba-silicic acid relationships. indicating that non-conservative processes are important in most of the study region, in addition to water mass mixing (Supplementary Information; Fig. S9 ; Fig. 4, 5) . However, it is challenging to determine the relative impact of the different non-conservative processes, barite
A C C E P T E D M A N U S C R I P T precipitation and silica dissolution, on Ba d
Si residual values. Recent measurements of barium isotopes in the tropical North Atlantic and South Atlantic (Bates et al., 2017; Horner et al., 2015) have established the utility of combining Ba d and silicic acid concentrations with barium isotope measurements (δ 137/134 Ba), as the preferential incorporation of light isotopes during barite formation makes the isotopic signature of the remaining water mass sensitive to barite cycling, but unaffected by silicate cycling (Cao et al., 2016; Hsieh and Henderson, 2017; Von Allmen et al., 2010) . In the absence of (δ 137/134 Ba) measurements, useful insights can still be made about barium cycling in this region by investigating deviation from linearity in Ba d -silicic acid relationships, and the comparison of these trends to global patterns (Fig. 6 ).
There 
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16 active uptake of barium into cells is not known (Paytan and Griffith, 2007) . However, cellular Ca transporters rarely distinguish strongly against co-transport of Ba (Krejci et al., 2011) , and we postulate that barium uptake occurs in these surface waters in association with cells or organic matter that is not diatom-generated, and is then remineralised at shallow depths. This behaviour parallels NOx and PO 4 only in the upper 100m, below which the Ba d distribution resumes a more silica-like profile, indicating that the generally observed correlation between Ba d and skeletal material still occurs in this region, in layers below this unusual surface activity (Supplementary Information; Fig. S6 ).
During the spring and summer months, diatom blooms are prevalent in the silicic acid and iron limited AAZ waters, consuming silicic acid and causing the silicate front to migrate southwards (Franck, 2000; Hiscock et al., 2003; Landry et al., 2002) . As these samples were collected during austral autumn, the background productivity of these diatom-dominated waters was relatively low, with substantial surface silicic acid concentrations extending northwards to just south of the polar front. Nevertheless, there is some silicic acid drawdown at the surface, and while there is also Ba d drawdown, the removal is less than predicted by the overall Basilicate regression for each station (Fig. 4) . The persistence of a slight positive Ba d Si residual signal in the very surface layer of the AAZ waters highlights this deviation from the observed Ba-silicic acid relationship over the depth range of maximum primary production. signal recorded between 100 and 1000m ( Fig. 4f) , denoting a relative depletion in Ba d as surface waters transition to UCDW. As the surface waters here also have a relative Ba d excess due to silicic acid uptake by diatoms, this cannot be a result of the mixing of UCDW and surface waters, but must instead reflect a separate process. The co-location of this Ba d depletion horizon with the oxygen minimum zone, and the subsurface maxima of NOx and PO 4 is highly suggestive that this Ba d depletion relative to silicic acid results from microbially-mediated barite precipitation (Dehairs et al., 1997; Gonzalez-Muñoz et al., 2012; González-Munoz et al., 2003; Jacquet et al., 2007) . This precipitation would transfer barium from the dissolved to the particulate pool, and although the concentrations concerned are likely to be too small to show up as a localised minimum in Ba d Si residual (Jacquet et al., 2007) , the fact that this process does not involve any change in the silicic acid pool could potentially cause the negative swing in Ba d
Barium in intermediate waters
Si residual values within the upper few hundred meters (Fig. 4-5 ). (Tréguer et al., 2018) , enables the transport of Ba to depths greater than in areas dominated by other sinking phytoplankton.
Deep waters of the Scotia Sea
In deeper LCDW is thought to originate from mixing with Ross Sea deep waters (Garabato et al., 2002) , and it appears that these waters may also inherit relatively low Ba d concentrations, possibly due to a low Ba content in sinking organic particles (DeMaster et al., 1992; McManus et al., 2002) . Both north and south of the Polar Front, the preservation of a consistent Ba maximum indicates that at these depths the exchange between the particulate and dissolved barium pools is at steady state, in contrast to silicic acid concentrations, which generally continue to increase until the base of the water column. This observation could be explained by i) different relative saturation states of barite within organic matter micro-environments or in seawater (as barite saturation state increases with depth) and silica in deepwater (undersaturated globally in the oceans), or ii)
because the more soluble barite particles have already dissolved from sinking aggregates at shallower depths in the water column, leaving only the more massive or less soluble particles, while biogenic silica continues to dissolve even within the upper sediments. The latter interpretation is supported by the observation that biogenic barite preserved in sediments is less A C C E P T E D M A N U S C R I P T soluble in acid digestions than barite in water column samples (Bridgestock et al., 2018; Dymond et al., 1992; Eagle et al., 2003) .
The Weddell Sea: a region of barite supersaturation?
In most regions of the global oceans, near-surface seawater is undersaturated with respect to barite, as saturation state is a function of barium and sulphate concentrations, temperature, salinity and pressure (Monnin et al., 1999; Rushdi et al., 2000) . the phytoplankton community shifts to one dominated by diatoms. This could be a significant consideration in the application of the Ba excess proxy for past export production (Paytan and Griffith, 2007) , as increases in sedimentary barite concentrations may be related to changes in phytoplankton community structure as well as absolute increases in the export of organic matter produced in surface waters.
These insights into the effects of surface phytoplankton community structure on the formation of barite in the subsurface could be investigated further through barium isotope analysis. Such isotopic measurements could verify whether or not deviations in the observed 
